Cu 1 − x -Ni x (0.43 ≤ x ≤ 1.0) films were electrodeposited from citrate-sulphate baths at different current densities onto Cu/Ti/Si (100) substrates with the addition of saccharine as a grain-refining agent. The Cu-Ni alloy films produced from saccharine-free baths were fine-grained (crystallite size of~400 nm). The addition of saccharine to the electrolytic solution induced a dramatic decrease in crystal size (down to~27 nm) along with a reduction in surface roughness. Although the effect of saccharine on pure Ni films was less obvious, significant changes were observed due to the presence of saccharine in the bath during the alloying of Cu with Ni. Compared to fine-grained Cu-Ni films, the nanocrystalline films exhibited lower microstrains and a larger amount of stacking faults as observed by X-ray diffraction. These features enhance the mechanical properties of the Cu-Ni alloys, making the nanocrystalline Cu-Ni films superior to both the corresponding fine-grained films and pure Ni films. In particular, hardness in fine-grained films varied from 4.2 (x = 0.43) to 5.4 GPa (x = 0.86), whereas hardness varied between 6.7 and 8.2 GPa for nanocrystalline films of similar composition. In addition, wear resistance and elastic recovery were enhanced. Nanostructuring did not significantly affect corrosion resistance of Cu-Ni alloys in chloride media. Although the corrosion potential shifted slightly towards more negative values, the corrosion current density decreased, thereby making the electrodeposition nanostructuring process an effective tool to improve the overall properties of the Cu-Ni system. © 2011 Elsevier B.V. All rights reserved.
A comparison between fine-grained and nanocrystalline electrodeposited Cu-Ni films. Insights on mechanical and corrosion performance 
Introduction
Nanostructured materials benefit from improved, and sometimes novel, physical and chemical properties compared to conventional coarse-grained materials, thus creating opportunities for advanced technological applications. Amongst the material properties of metals that can be enhanced by nanostructuring, mechanical properties currently receive considerable attention from both fundamental and applied perspectives [1] [2] [3] . Of the investigations that exist, the focus is either on understanding the mechanical behaviour of nanostructured materials from a fundamental perspective, or exploiting the new properties that result from nanostructuring. Compared to conventional coarse-grained materials, nanocrystalline metals with grain sizes typically smaller than 100 nm possess lower elastic moduli, higher tensile strength and hardness, increased ductility and fatigue resistance, and, under certain conditions, superplastic behaviour [4] [5] [6] [7] . Some of these characteristics were theoretically predicted by Gleiter et al. two decades ago [8] and have since then been experimentally verified by a number of researchers. In addition, the measurement of the mechanical properties of nanostructured metallic materials greatly depends on the kind of sample considered, i.e. thin films, thick films or bulk specimens. Compared with nanostructured bulk materials, the assessment of the mechanical properties of nanocrystalline metallic thin films still remains a rather unexplored field [9] .
Electrodeposition is one of the best techniques to prepare nanocrystalline metallic thin films with thicknesses ranging from hundreds of nanometers to tens of micrometres. This is an old yet versatile technique with several attributes that make it extremely well suited for micro-and nanotechnologies. The process can be scaled up or down, deposition can be performed on a wide variety of substrates, it can be performed near room temperature from waterbased, environmentally friendly electrolytes, and it is able to produce pore-free coatings at high rates. With the advent of nanotechnology, electrodeposition has gained many supporters within the scientific community largely because it is a simple, cost-effective technique and less time-consuming compared to physical methods such as sputtering or evaporation. Furthermore, physical methods are generally limited to thinner films (up to 1-2 μm), a restriction that can be a drawback for some micro-and nano-electromechanical systems where thicker films are desired. Due to these reasons, the development of electroplated films either by direct or pulse methods to produce nanocrystalline sheets of metals (such us Co, Ni and Cu) [10] [11] [12] and metallic alloys (e.g. Co-Pt, Co-Ni, Ni-W, Co-Fe-Ni) [13] [14] [15] [16] is of increasing interest.
The first investigations of the electrodeposition of nickel films with fine grain sizes used saccharine and coumarin as additives [17] . Since then, considerable effort has been directed towards the development of nanocrystalline nickel films plated in either re-formulated traditional or newly formulated baths [18] [19] [20] [21] [22] . The Watts bath, with or without organic additives, remains the most commonly employed [23] [24] [25] [26] . To the basic Watts bath (nickel sulphate, nickel chloride and boric acid) saccharine is typically added as a grain refining and stress relieving agent. In fact, saccharine performs these functions well for many metals and alloys deposited from a variety of baths [27] [28] [29] . Despite the numerous studies performed regarding the various strategies towards grain refinement, reported data is, in some cases, inconsistent across different investigations. It is, therefore, difficult to draw conclusions, especially when comparing the mechanical properties for a given metal in its nanocrystalline, fine-or coarsegrained forms. This lack of systemisation becomes even more evident when dealing with alloys, for which the literature is limited. This problem arises in part from the difficulty of explaining the extent to which various factors, both the ones inherent in the system considered (e.g. solution hardening effects, stacking fault energies of each metal), and the electrodeposition conditions (e.g. bath formulation, applied current density, bath temperature) contribute to the obtained properties. This work is aimed at providing a more comprehensive framework by a clear comparison between finegrained and nanocrystalline Cu-Ni thin films. The Cu-Ni system has been chosen for several reasons; it can be electroplated from aqueous electrolytes [30, 31] , it shows total miscibility over the complete composition range, its production is much less expensive compared to Co-based alloys or alloys containing metals like W and Mo. Moreover, the Cu-Ni alloys exhibit interesting functional properties such us good corrosion resistance in marine environments, anti-biofouling properties, and, depending on their composition, either paramagnetic or ferromagnetic behaviour [32] [33] [34] . Nanostructuring has been reported to have either beneficial or detrimental effects on the corrosion performance of metallic materials depending on the system under study. Though the corrosion behaviour of bulk Cu-Ni alloys in several environments is well documented [35] [36] [37] [38] , the effects induced by nanostructuring on the corrosion resistance of electroplated Cu-Ni films still remains poorly understood.
In this study, Cu 1 − x -Ni x (0.43 ≤ x ≤ 1.0) films were electroplated from a sulphate-based bath containing citrate as a complexing agent, both with and without the addition of saccharine. The purpose of the present investigation is two-fold; the assessment of the effects of alloying copper with nickel, and a direct comparison between the properties of fine-grained and nanocrystalline Cu 1 − x -Ni x films with similar composition. The hardness, Young's modulus and wear characteristics of the films were evaluated by depth-sensing nanoindentation which is a particularly well-suited technique for coatings [39] . Apart from the mechanical properties, the morphology, microstructure, surface roughness and corrosion performance of these films were studied in detail and key relationships between these properties outlined.
Experimental procedure
The metallic films were obtained by direct current electrodeposition in a one-compartment thermostatised three-electrode cell using a PGSTAT30 Autolab potentiostat/galvanostat (Ecochemie). Cu-Ni alloy films were deposited from an electrolyte containing 184 g/L NiSO 4 SO 4 (saccharine free-bath, SFBN) and 0.5 g/L C 7 H 5 NO 3 S (saccharine-containing bath, SCBN). The electrolyte volume was 100 ml. Analytical grade reagents and ultrapure water (18 MΩ cm) were used to prepare the electrolyte. For all solutions, the pH was fixed at 4.5 and the temperature at 30°C. Silicon (100) substrates with e-beam evaporated Ti (100 nm)/Cu (500 nm) adhesion/seed layers were used as working electrodes (WE), which were positioned vertically within the electrolyte. The working area was 6 × 5 mm 2 . A double junction Ag|AgCl (E = + 0.210 V/SHE) reference electrode (Metrohm AG) was used with 3 M potassium chloride (KCl) inner solution and an interchangeable outer solution. The outer solution was made of 1 M sodium sulphate. A platinum spiral served as counter electrode. Prior to deposition, the copper surface was first degreased with acetone followed by isopropyl alcohol and water and, finally, dipped in diluted sulphuric acid to remove any oxides and organic residues present on the copper surface. The backside of the silicon substrate was insulated by painting it with a nonconductive lacquer to ensure that only the copper surface was conductive. Before each experiment, the electrolyte was de-aerated with nitrogen gas for 10 min through a glass purge pipe which provided a vigorous stream of nitrogen. A blanket of nitrogen was maintained on top of the solution during the deposition. Deposition was conducted galvanostatically under mild stirring (200 rpm) using a magnetic stirrer bar. The electrical charge was adjusted across all depositions to attain similar film thicknesses. After deposition, the films were thoroughly rinsed in water and stored in air.
The chemical composition of the films was determined by energy dispersive X-ray spectroscopy (EDXS). Metal proportions are expressed in atomic percentage (at.%). The morphology was examined by scanning electron microscopy (SEM) on a JEOL JSM-6300 microscope. The average film thickness was determined from fourpoint measurements over the entire surface by interferometric profilometry. The structure of the deposits was studied by X-ray diffraction (XRD) and transmission electron microscopy (TEM). X-ray diffraction patterns were recorded on a Philips X'Pert diffractometer using the Cu K α radiation in the 38°-110°2θ range (0.03°step size, 10 s holding time). The global structural parameters, such as crystallite sizes, bDN (defined here as the average coherently diffracting domain sizes), and microstrains or atomic level deformations, bε 2 N 1/2 , were evaluated by fitting the full XRD patterns using the Materials Analysis Using Diffraction (MAUD) Rietveld refinement programme [40] [41] [42] . This software includes a formalism to quantitatively evaluate the stacking fault probability, α SF [41, 43] . TEM characterisation was carried out on a JEOL JEM-2011 microscope operated at 200 kV. For the planar-view observations, the films were thinned by ion milling, which was performed on both sides of the film in order to remove any surface contamination. Roughness of the films was characterised by atomic force microscopy (AFM) using a Dual Scope™ C-26 system (Danish Micro Engineering) working in AC mode. A commercial silicon tip (50-100 KHz resonance frequency) was used to scan surface areas of 5 × 5 μm
2
. Both the peak-to-valley distance and the root-mean-square (RMS) deviation values were extracted from the images.
The mechanical properties (hardness and reduced elastic modulus) were evaluated by nanoindentation operating in the load control mode using a UMIS device from Fischer-Cripps Laboratories equipped with a Berkovich pyramid-shaped diamond tip. The value of maximum applied force was chosen to be 10 mN to ensure that the maximum penetration depth during the tests was kept below one tenth of the overall film thickness. This is considered a necessary condition to avoid substrate influence on measured mechanical properties [44] . The thermal drift during nanoindentation was kept below 0.05 nm/s. Corrections for the contact area (calibrated with a fused quartz specimen), instrument compliance, and initial penetration depth were applied. For nanoindentation testing the mechanical properties of the film can be extracted from the load-unload curve making direct measurements on the indentations unnecessary. The hardness (H) and reduced elastic modulus (E r ) values were derived from the load-displacement curves at the beginning of the unloading segment using the method of Oliver and Pharr [45] . From the initial unloading slope the contact stiffness, S, was determined as:
where P and h denote the applied load and penetration depth during nanoindentation, respectively. The elastic modulus was evaluated based on its relationship with the contact area, A, and contact stiffness:
Here, β is a constant that depends on the geometry of the indenter (β = 1.034 for a Berkovich indenter) [44] , and E r is the reduced Young's modulus, defined as:
The reduced modulus takes into account the elastic displacements that occur in both the specimen, with Young's modulus E and Poisson's ratio ν, and the diamond indenter, with elastic constant E i and Poisson's ratio ν i . For diamond, E i = 1140 GPa and ν i = 0.07. Hardness (H) was calculated from:
where P Max is the maximum load applied during nanoindentation. Finally, the elastic recovery was evaluated as the ratio between the elastic (W el ) and the total (plastic + elastic) (W tot ) energies during nanoindentation. These energies were calculated from the nanoindentation experiments as the areas between the unloading curve and the x-axis (W el ) and between the loading curve and x-axis (W tot ) [44] . The results presented here represent the statistical average of a set of 100 indentations for each sample. The corrosion performance of the films was evaluated by electrochemical techniques in a conventional three-electrode cell. Corrosion tests were conducted in aerated 3.5 wt.% NaCl solution under quiescent conditions at room temperature. The outer solution of the Ag|AgCl reference electrode was made of 1 mol dm − 3 NaCl. A platinum spiral served as a counter electrode. After sample immersion in the 3.5 wt.% NaCl solution, the steady state potential (E ss ) was measured until fluctuations less than 10 mV h − 1 were observed. This process was usually complete within 3 to 4 h. The electrochemical polarisation was scanned from the steady-state potential to E ss -300 mV cathodically and then to E ss + 300 mV anodically with a scan rate of 0.1 mV s
. The reproducibility of the data related to the corrosion potential (E corr ) and the corrosion current density (j corr ) was monitored using four samples per film (0.3 cm 2 exposed area), and average results are reported. Fig. 1 shows the E-t transients for Cu-Ni plated onto Cu/Ti/Si (100) substrates from saccharine-free and saccharine-containing baths at two different applied current densities, −10 and − 40 mA cm −2 . For a given applied current density, the stabilised potential (E S ) slightly shifts towards more negative values with the addition of saccharine to the bath. The same trend was observed when recording cathodic linear sweep curves (not shown), both for Ni and Cu-Ni systems. Since saccharine molecules adsorb onto the electrode and interfere with the normal metal deposition by blocking the attachment of adatoms, the cathodic overpotential increases [46, 47] . In fact, the double layer capacitance is expected to decrease as a consequence of the blocking adsorption of saccharine. Also, the addition of saccharine changes the composition of the Helmholtz electrochemical double layer, thus variations in cathode polarisation are expected [48] . This shift is more pronounced at higher current densities, suggesting that, as observed for other metals and alloys, the inhibiting effect on ion discharge is enhanced.
Results and discussion

Electrochemical preparation of the thin films
Morphological and compositional characterisation
The morphology of the Cu-Ni films obtained galvanostatically from the SFB and SCB baths is shown in Fig. 2a-d . Charge density was tuned to obtain a film thickness of 3.0 ± 0.2 μm. Optimisation was possible by combining Faraday's law with the current efficiency, which depends on both the bath composition and the applied current density. The deposits obtained from the SFB at − 10 mA cm −2 displayed edged grains featuring cauliflower-like clusters in some regions (Fig. 2a) . At a higher current density, the grains became rounded and their size distribution narrowed (Fig. 2c) . Conversely, the SCB bath yielded smooth and almost featureless deposits irrespective of the applied current density (Fig. 2b and d) , indicating a decrease in surface roughness. In all cases, deposits were crack-free and pitting was not observed, probably due to the anti-pitting effect brought by the sodium lauryl sulphate wetting agent [49] .
Pure nickel deposits of a similar thickness were also prepared from a bath in which copper sulphate was replaced by nickel sulphate in order to maintain the same ionic strength. The morphology of the films, produced from either the saccharine-free bath (SFBN) or saccharine-containing bath (SCBN) at − 40 mA cm −2 , was different from the films previously described. Unlike the Cu-Ni films, deposits obtained from the SFBN showed less rounded clustered grains (cf. Fig. 2c and e) . Most importantly, the morphology of the nickel deposits plated from the SCBN could be resolved, giving a cotton-like appearance (cf. Fig. 2d and f) . It is, therefore, clear that copper has some influence on the deposition of Ni which is observed in the deposit morphology. EDX analyses on the Cu-Ni films revealed that nickel content increased with current density. In the presence of citrate as a complexing agent, copper is typically discharged under masstransport control, whereas nickel remains under activation control within a wide potential range [50, 51] . Therefore, an increase in the overvoltage promotes nickel discharge and, ultimately, leads to deposits with higher nickel contents. At a given current density the composition remained nearly identical regardless of the presence of saccharine in the bath. Only a slight enrichment in Ni (at around 1-2 at.%) was detected in the films obtained from the SCB, probably due to the greater overpotential. At j = −10 mA cm −2 the Ni content was 43-45 at.% and increased to 86-87 at.% at j = − 40 mA cm
. Although the smoothing effect induced by saccharine on the topography was visually apparent, quantitative measurements of surface roughness were carried out by AFM. Typical 2D topographical images of the Cu-Ni films obtained from the SFB and SCB are shown in Fig. 3 . The former featured rough surfaces with edged grains, whilst the latter displayed a surface with lower roughness. The root-meansquare deviation (RMS) and the peak-to-valley distance values for 5 × 5 μm 2 scanned areas are listed in Table 1 . The AFM analyses corroborated visual observations, i.e. a loss of metallic lustre and, therefore, higher surface roughness (and larger peak-to-valley distances) in the Cu-Ni films prepared from the SFB compared to the SCB derived ones. Although smoother deposits were produced by increasing the current density in the SFB, a drastic reduction of surface roughness was accomplished with the addition of saccharine to the bath [52] . Roughness decrease was less effective, yet noticeable, for pure Ni films.
Structural characterisation
The structural properties of the thin films were studied by XRD and TEM analyses. All films showed a face-centred cubic (fcc) structure, but the width of the fcc reflections greatly varied across the different samples. The XRD measurements confirmed the formation of Cu-Ni solid solution in all samples. The role of citrate is to reduce the large difference in the standard reduction potentials of copper (+0.34 V) and nickel (−0.25 V), thus allowing their co-deposition [31] . Fig. 4 shows a detail of the (111) and (200) fcc reflections for Cu-Ni and pure Ni films. The narrow peaks located at around 2θ = 43.3°and 50.5°belong to the Cu seed-layer, which also displayed an fcc structure. As the alloy became enriched in Ni, a shift in the Cu-Ni peak positions towards higher angles was observed (see Fig. 4a and b) . For a given composition, the Cu-Ni films obtained from the SCB featured much broader reflections, indicating smaller grain sizes in agreement with previous morphological observations. The peaks were not precisely centred at the same 2θ, but at slightly higher angles corresponding to a richer Ni composition. Notice that the stabilised potential (E S ) of the galvanostatic curves shifted towards more negative values due to saccharine addition, thus favouring Ni discharge. The Ni films plated from the SCBN also displayed wider reflections (Fig. 4c) . On the other hand, the difference in the width of the (111) and (200) peaks for all samples is indicative of the existence of stacking faults. To rationalise all these trends from quantitative structural factors, the full XRD patterns were Rietveld-refined. The extracted cell parameters, crystallite sizes, microstrains and stacking fault probabilities are listed in Table 2 . As an example, Fig. 4d shows the Rietveld fitting of the XRD pattern corresponding to the nanocrystalline Cu 0.13 Ni 0.87 film in the 42-55°2θ region. The main trends regarding crystallite size (i), microstrains (ii) and stacking fault probabilities (iii) are summarised below: (i) All samples plated from saccharine-free baths (SFB/SFBN) had crystallite sizes at approximately 400 nm, i.e. fine-grained. An increase of the current density made the crystallite size of the Cu-Ni alloy decrease slightly, as expected due to the higher deposition rate. The addition of saccharine to the plating solution induced a dramatic crystallite size reduction yielding nanocrystalline films. TEM images further corroborated these results (Fig. 5) . Moreover, the crystallite size remained nearly the same (26-29 nm) irrespective of the applied current density, which suggests that its value is mainly controlled by the saccharine additive in SCB. In contrast, though the crystallite size of pure Ni films also decreased with the addition of saccharine to the bath, it remained within the fine-grained regime. We denote the Ni films plated from the SFBN by finegrained nickel and the ones plated from SCBN by ultrafinegrained nickel. Notice that when saccharine was absent from the bath, the alloying of Cu with Ni did not change the structure apart from the expected increase in the cell parameter (compare the fine-grained Ni with the Cu 0.14 Ni 0.86 films in Table 2 ). TEM images were in accordance with these findings (see Fig. 5a and b) . Conversely, when saccharine was present in the electrolyte, alloying Cu with Ni did make a difference; the crystal size reduced by an order of magnitude, from 207 to 29 nm with just 13 at.% of Cu being dissolved in the Ni lattice (compare the ultrafine-grained Ni with the nanocrystalline Cu 0.13 Ni 0.87 films in Table 2 , and TEM images of Fig. 5a and c).
(ii) Saccharine is also responsible for the decrease in microstrain.
Strain is common in electrodeposits [53] . Macrostrain develops over large areas, arises from either tensile or compressive stresses, and leads to XRD peak shifting. Microstrains (nonuniform strains) develop over small distances and are a distribution of d-spacings thus leading to XRD peak broadening. The values reported in Table 2 refer to this class of strains. Saccharine is known to be an excellent tensile macrostress reducing agent. Recently, it has been reported that the coalescence of Ni grains in films electroplated from saccharine-free sulfamate baths is a tensile stress controlled process, whilst films with compressive stress or low tensile stress are obtained in the presence of saccharine [54] . In fact, the Ni films prepared from the SFBN were prone to peeling from the copper surface, mostly due to high tensile stress. The addition of saccharine to the bath led to properly adhering deposits owing to the compressive effect conferred by saccharine. (iii) From Table 2 , it is clear that the number of planar defects increases when the Cu-Ni alloy is nanocrystalline. The same is true for pure Ni films, i.e. the finer the grain size, the higher the stacking fault probability. This is in agreement with the large number of intragranular nanotwins detected by High Resolution TEM in the SCB plated films (Fig. 5d) . From a thermodynamic viewpoint, the formation of twins decreases the total interfacial energy [55] . Because twins preferably nucleate at grain boundaries or triple junctions, one might expect that the stacking fault probability should be higher for larger amounts of grain boundaries (i.e. nanocrystalline films). However, the increased probability of twinning does not arise solely from the larger number of grain boundaries. The role of saccharine as an adsorbate creates physicochemical considerations that must also be taken into account. It has been reported for Ni electrodeposits that the presence of surface-active substances in the electrolytic solution clearly has an effect on stacking fault dislocations and twins [56] . In the late 70s it was suggested that saccharine increases the probability of twinning in Ni electrodeposits because of its preferential adsorption onto (111) planes, which results in an increased amount of crystal mass in twin orientation [57] . The same authors demonstrated that the probability of twinning is additive-dependent (for example, the butyne-2-diol, a typical brightener used in the plating industry, was reported to be inactive with respect to the formation of twin stacking faults). The addition of additives is not strictly necessary to generate nanotwins; an increase of current density is sufficient to enhance their formation. It is known that growth twins are frequently formed when electrodepositing metals with appropriate stacking fault energies [1] . In particular, twins are easily formed in fcc metals with low stacking fault energies, as is the case with Cu and Ni [58] . Moreover, faster deposition rates will, in principle, lead to higher twin densities since both metals have relatively large twin boundary energies [1] . Whilst the mechanism of twin formation in metal electroplating is not fully understood, it is generally accepted that it is a kinetically driven process in such a way that nucleation and growth rate of twins are controlled by the deposition conditions. Lu et al. have experimentally verified that nanotwining in electroplated Cu increases with deposition rate (i.e. with an increase of the applied current density) [55] . Fig. 6 shows representative load-unload indentation curves of the electrodeposited films. For each composition, the penetration depth attained at the end of the unloading segment is lower for the film having smaller crystallite sizes. This indicates that the nanocrystalline Cu-Ni thin films are mechanically harder than the corresponding finegrained films. For the Ni samples, grain refinement also accounts for the lower penetration depth observed in the SCBN plated films, again indicating enhanced hardness. Table 3 lists the hardness (H), reduced Young's modulus (E r ) together with H/E r , H 3 /E r 2 and W el /W tot ratios for all films extracted from the corresponding indentation curves (where W el and W tot denote the elastic and total indentation energies, respectively). The increase of the Ni content in the alloy increased hardness both within the fine-grained (from 4.2 to 5.4 GPa) and nanocrystalline (from 6.7 to 8.2 GPa) domains, as expected due to solid solution hardening [59] . Amongst the samples tested, the nanocrystalline Cu 0.13 Ni 0.87 film was the hardest (H = 8.2 GPa), even harder than the two pure Ni samples. From the point of view of chemical composition alone, it would be expected that pure Ni would be mechanically harder than the Cu-Ni alloy since Cu is softer than Ni. However, the strength of a solid (i.e., its resistance against plastic deformation) is not only sensitive to the solid's chemical composition but also to its microstructure. In particular, larger hardness is expected for smaller crystallite sizes. Nanostructured metals have a larger density of grain boundaries than fine-grained or coarse-grained metals. Grain boundaries are efficient in disrupting the propagation of dislocations through a material. The enhanced hardness arising from the reduced crystallite sizes is explained by the Hall-Petch relationship [6] . In addition, the presence of intragranular nanotwins contributes to material strength, since twin boundaries are able to block the propagation of slip bands [55] . Coherent twin boundaries behave in a similar manner to grain boundaries by acting as obstacles to strain propagation.
Mechanical properties
E r exhibited the same trend as H with regard to composition. Since the elastic modulus of Ni is higher than for Cu, E r increased with the Ni content. For a given composition, E r was slightly lower for the film with smaller crystallite sizes except for the Cu-rich Cu-Ni samples. Taking the Poisson's ratio for nickel (ν i = 0.31) [60] into account, the 
Table 2
Global structural parameters obtained after Rietveld refinement of the full XRD patterns of Cu 1 − x -Ni x and Ni films. Young's modulus is 214 and 210 GPa for fine-grained and ultrafinegrained nickel films, respectively. Similarly, if one assumes the Poisson's ratio of Cu-Ni alloy to be ν i = 0. 34 [61] , the Young's modulus varies from 170 to 208 GPa within the fine-grained regime, and from 179 to 204 GPa within the nanocrystalline regime. The Young's modulus of nanocrystalline materials is usually lower than in coarse-grained materials by as much as 70% in some cases [62] [63] [64] , due to the occurrence of porosity or the increased interatomic spacings in interface regions [62, 65] . Regardless, our variations in the elastic modulus are rather small, probably because electrodeposition is known to produce pore-free coatings, which explains why similar E r values were obtained for fine-grained and nanocrystalline Cu-Ni films. Our findings are in agreement with other works in which the reduction in the Young's modulus value was found to be less pronounced than expected. For instance, Legros et al. did not find any change in the Young's modulus in Ni and Cu films with grain sizes approaching 25 nm when evaluated by microsample tensile testing [66] . The hardness to elastic modulus ratio, H/E (or H/E r if the reduced Young's modulus is used) is recognised to provide an indirect, yet reliable, assessment of the wear behaviour of a material [67] . Notice that the H/E r ratio for the nanocrystalline Cu-Ni (and ultrafinegrained Ni) films was higher than in fine-grained ones, indicating that the former displays enhanced wear resistance. The same factors account for the H 3 /E r 2 ratio, which is a good indicator of the resistance to plastic deformation [68, 69] . The higher this index, the higher the energy absorbed by the material before fracture. Significantly, the nanocrystalline Cu 0. 
Corrosion behaviour
The corrosion performance of the films was evaluated in aerated 3.5 wt.% NaCl. Because Cu-Ni alloys are commonly used in applications involving sea-water, a chloride-containing medium was chosen as a test solution. Typical potentiodynamic polarisation curves are shown in Fig. 7 . While the cathodic branches did not reveal any special feature, the anodic branch displayed an oxidation peak followed by a passive region in some cases (see the grey curve). The oxidation peak is likely to be attributed to the formation of a passive oxide film that further protects the material. The presence of oxides as the primary corrosion products was identified in bulk Cu-Ni alloys exposed to chloride media [35, 36] . Pure Ni films did not show an active-passive transition, but rather a monotonous increase in the anodic current. The E corr and j corr values were calculated using the Tafel extrapolation method and are listed in Table 4 . Due to peeling of the fine-grained Ni films, only the results for ultrafine-grained Ni are reported. On comparing the behaviour of ultrafine-grained Ni with fine-grained Cu 0.14 Ni 0.86 film, it can be seen that E corr is nearly the same but j corr decreases. Thus, the alloying of Cu with Ni clearly has a beneficial effect on corrosion performance, especially bearing in mind that the average crystallite size in the Cu 0.14 Ni 0.86 film is higher than in ultrafine-grained nickel (379 nm vs. 207 nm). Rajasekaran and Mohan observed E corr = −0.245 V vs. saturated calomel electrode (SCE) (i.e. −0.208 V vs. Ag|AgCl (3.5 M KCl)) in Ni-rich Cu-Ni films (15-50 nm crystallite size) brush plated onto copper substrate [71] . This value is close to the E corr observed for nanocrystalline Cu 0.13 Ni 0.87 films herein electroplated. However, further Cu alloying did not seem to improve corrosion resistance, despite its higher nobility. Based on the electron configuration theory of passivity [72] , it has been claimed that passive films formed on alloys with a Cu/Ni atomic ratio exceeding 1.6 are less stable [73] .
One would intuitively expect corrosion to be initiated more easily at defects sites (e.g. grain boundaries and triple junctions in nanocrystalline metals). For a given Cu-Ni composition, nanostructuring caused a noticeable shift of E corr towards more negative values, but resulted in a decrease in j corr . These results are in agreement with the work by Troyon et al., where it is reported that Ni/Cu multilayers prepared with saccharine showed more negative E corr values but lower j corr than the multilayers prepared without saccharine (i.e. with larger grain sizes) in 3.0 wt.% NaCl solution [74] . Similarly, the corrosion rate in 1 M H 2 SO 4 solution was also found to decrease in nanocrystalline Ni films electroplated from a saccharine-containing Watt's bath when the grain size was lowered from 28 to 8 nm [75] . Due to the role of saccharine as a sulphur source, the inclusion of low amounts of sulphur in the nanocrystalline Cu 1 − x -Ni x films cannot be ruled out, and, as observed in other alloys, is partly responsible for the negative shift in E corr [76] . Nanostructured materials prepared by mechanical methods are usually characterised by a large number of pores and microstrains, which are particularly susceptible to corrosion. Electrodeposition is known to provide dense and pore-free nanostructured metals, which make them less prone to certain types of corrosion such as pitting [77] . In addition, the compact morphology and even surface of the nanocrystalline Cu-Ni alloys prepared help in lowering the dissolution rate, whereas the edged morphology of the fine-grained films allows an easier access of corrosive species (i.e. Cl − ) to the film/ substrate interface. From the application point of view, the tradeoff between E corr and j corr , makes the nanocrystalline Cu-Ni films good candidates for protective coatings in marine environments.
Conclusions
In situ formation of both fine-grained and nanocrystalline Cu-Ni films with variable composition was made possible by electrodeposition. The effects of a saccharine-assisted nanostructuring process on the morphology, structure, mechanical and corrosion properties of Cu-Ni films plated galvanostatically on silicon-based substrates have been discussed. Smooth films featuring much smaller crystallite sizes, lower microstrain, and larger numbers of stacking faults were obtained from saccharine-containing baths. The nanocrystalline films showed improved mechanical properties (larger hardness and elastic recovery and better wear resistance) compared to fine-grained films, whilst retaining good corrosion resistance in a chloride medium. These attributes surpassed those of pure Ni films obtained from a similar electrolytic bath. The present study clearly demonstrates that nanostructuring improves the properties of Cu-Ni alloys and thereby enables a wider range of applications for this system. 
